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The Einstein Equivalence Principle (EEP) underpins all metric theories of gravity. Its key element is the
local position invariance of non-gravitational experiments, which entails the gravitational red-shift. Precision
measurements of the gravitational red-shift tightly bound violations of the EEP only in the fermionic sector of the
Standard Model, however recent developments of satellite optical technologies allow for its investigation in the
electromagnetic sector. Proposals exploiting light interferometry traditionally suffer from the first-order Doppler
effect, which dominates the weak gravitational signal necessary to test the EEP, making them unfeasible. Here,
we propose a novel scheme to test the EEP, which is based on a double large-distance optical interferometric
measurement. By manipulating the phase-shifts detected at two locations at different gravitational potentials
it is possible to cancel-out the first-order Doppler effect and observe the gravitational red-shift implied by the
EEP. We present the detailed analysis of the proposal within the post-Newtonian framework and the simulations
of the expected signals obtained by using two realistic satellite orbits. Our proposal to overcome the first-order
Doppler effect in optical EEP tests is feasible with current technology.
Introduction.—The Einstein Equivalence Principle (EEP) is
the foundation of all metric theories of gravity, including gen-
eral relativity [1–3]. EEP comprises three statements. The
first — Weak Equivalence Principle — states that the trajec-
tory of a freely falling test body is independent of its inter-
nal composition. The other statements deal with outcomes of
non-gravitational experiments performed in freely falling lab-
oratories where self-gravitational effects are negligible. The
second statement — Local Lorentz Invariance — asserts that
such experiments are independent of the velocity of the labo-
ratory where the experiment takes place. The third statement
— Local Position Invariance (LPI) — asserts that “the out-
come of any local non-gravitational experiment is indepen-
dent of where and when in the universe it is performed” [1].
Tests of the “when” part of the EEP bound the variabil-
ity of the non-gravitational constants over cosmological time
scales [4, 5]. The “where” part was expressed in Einstein’s
analysis [6] of what in modern terms is a comparison of two
identical frequency standards in two different locations in a
static gravitational field. The so-called red-shift implied by
the EEP affects the locally measured frequencies of a spectral
line that is emitted at location 1 with ω1 and then detected at
location 2 with ω2. The red-shift can be parametrized as
∆ω/ω1 = (1 + α)(U2 − U1) +O(c−3) (1)
where ∆ω := ω2 − ω1, Ui := −φi/c2 has the opposite
sign of the Newtonian gravitational potential φi at the emis-
sion (1) and detection (2), while α 6= 0 accounts for pos-
sible violations of LPI. In principle, α may depend on the
nature of the clock that is used to measure the red-shift [1].
The standard model extension (SME) includes all possible
Lorentz- and CPT-violating terms preserving the fundamental
SU(3)×SU(2)×U(1) gauge invariance and power-counting
renormalizability [7]. The SME contains constrained parame-
ters whose different combinations may lead to α 6= 0 [8–10].
Alternative theories of gravity not ruled out by current data
also predict α 6= 0 [1, 11].
A typical red-shift experiment involves a pair of clocks, nat-
urally occurring [12] or specially-designed [13–18], whose
readings are communicated by electromagnetic (EM) radi-
ation. Recently, the comparison of co-located ultra-precise
clocks, using two different atoms (hydrogen and cesium) for
their working transitions, allowed for a bound on the differ-
ence αH − αCs with high precision [16]. This estimation of
α is based on implicit or explicit assumptions on the stan-
dard propagation of the EM radiation [10]. Furthermore, pa-
rameters of the models with dark matter directly coupling
to the EM field are also constrained using atomic measure-
ments [19]. Hence, different types of experiments, which em-
ploy a single EM-source and compare optical phase differ-
ences between beams of light traversing different paths in a
gravitational field, provide a complementary test of LPI.
As an example, the “optical” Colella-Overhauser-Werner
(COW) experiment [20] was proposed in [21] and suggested
in [22] as a possible component of the QEYSSAT mis-
sion [23]. A photon time-bin superposition [24] is sent from
a ground station on Earth to a spacecraft, both equipped with
an interferometer of imbalance l, in order to temporally re-
combine the two time-bins and obtain an interference pattern
depending on the gravitational phase-shift [22]:
ϕgr =
∆ω
ω
2pi
λ
l ≈ (1 + α)2pi
λ
ghl
c2
, (2)
where g is the Earth’s gravity, h the satellite altitude and λ =
2pic/ω the sent wavelength. For α = 0, this phase-shift is of
the order of few radians supposing l = 6 km, λ = 800 nm and
h = 400 km [22].
However, the careful analysis of the optical COW in [25]
showed that the first-order Doppler effect is roughly 105 times
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2stronger than the desired signal ϕgr. This first-order Doppler
effect was recently measured by exploiting large-distance pre-
cision interferometry along space channels [26], which repre-
sents a resource for performing fundamental tests of quantum
mechanics in space, as in [21, 27–30], for future space-based
scientific missions, such as LISA [31], and space-based quan-
tum cryptography [32–37].
Here, we propose a novel test of the EEP exploiting a single
EM-source and a double large-distance interferometric mea-
surement performed at two different gravitational potentials.
By comparing the phase-shifts obtained at a satellite and on
Earth, it is possible to overcome the first-order Doppler effect
and obtain the gravitational contribution. Such a scheme al-
lows to bound the violation of LPI in the EM-sector with the
precision on the order of 10−5.
The proposal.—A possible setup for our proposal is
sketched in Fig. 1 and is based on the satellite interferome-
try experiment realized in [26]. Such an interferometric mea-
surement is obtained by sending a light pulse through a cas-
cade of two fiber-based Mach Zehnder interferometers (MZIs)
of equal temporal imbalance τl := nl/c, with l denoting the
length of the delay line and n the refractive index of the fiber.
After the first MZI the pulse is split into two temporal modes,
called short (S) and long (L) depending on the path taken in
the first MZI. The equal imbalance of the two MZIs guaran-
tees that the two pulses are recombined at the output of the
second MZI, where they are detected. The combination of
the possible paths the pulses may take leads to a characteristic
detection pattern comprising three possible arrival times for
each pulse. The first (third) peak corresponds to the pulses
that took the S (L) path in both the MZIs, while the mid peak
is due to the pulse that took the S path in the first interferome-
ter and the L path in the subsequent one, or viceversa. Hence,
interference is expected only in the central peak, due to the
indistinguishability of the two possibilities.
Such an interference is modulated by the phase difference
ϕ accrued in the propagation, that depends on the relative mo-
tion between the ground station (GS) and the spacecraft (SC),
as depicted in Fig. 1, and on the difference in gravitational
potentials, as we will detail in the following. From the ra-
tio of the intensity of the central peak to the lateral ones an
estimation of ϕ can be obtained [26]. For simplicity, we as-
sumed that the coherence time of the source τc is much shorter
than the temporal imbalance τl (τc  τl), while the mismatch
∆τl of the delay lines is ∆τl < τc (see Supplementary Mate-
rial (SM), Sec. F for more details). Furthermore, we assumed
that a free-space to single-mode fiber coupling system is im-
plemented to guarantee the spatial overlap of the interfering
beams and thus resulting in a high visibility. The latter as-
sumption seems to be very demanding from an experimental
point of view. However, it was recently demonstrated that
it is possible to couple into single-mode fibers a laser beam
coming from satellites [38, 39]. Indeed, by using an adaptive
optic (AO) system [39], it is possible to correct the wavefront
distortion induced by turbulence and to mitigate losses and in-
tensity fluctuations at the receiver. We note that, as discussed
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FIG. 1: (top) Scheme of the proposal. Both the GS and the SC are
equipped with a MZI of equal delay line l and an AO system for fiber
injection. (bottom) Geometry of the experiment: ~v1 is the velocity of
the GS at the emission at potential U1; ~v2 is the velocity of the SC at
the detection on the satellite at potential U2; ~v3 is the velocity of the
ground station at the detection of the beam retroreflected by the SC,
which occurs at potential U3 = U1. Approximating Earth’s angular
velocity Ω as constant, |~v1|2 = |~v3|2. Vectors nˆ12 and nˆ23 are the
Newtonian propagation directions of the light pulses.
below, the phase difference ϕ is not affected by turbulence.
More technical details on the experimental setup, attesting the
feasibility of our proposal within a decade, are given in the
SM, Sec. G.
A bound on α will be retrieved from the difference of two
phase-shifts ϕSC and ϕGS, that are obtained from an inter-
ferometric measurement of the kind described above. ϕSC is
measured at detector A located on the SC, while ϕGS at de-
tector B located at the GS, by exploiting the reflection of the
sent beam obtained with a corner-cube retroreflector (CCR)
mounted on the SC (Fig. 1).
Analysis of the proposal in the PPN approximation.—We
present the detailed analysis of the phases to be measured
by exploiting the Parametrized Post Newtonian (PPN) for-
malism [3] using the notation of [25]. The spacetime met-
ric gµν has the signature (−,+,+,+). Since we deal with
short time intervals, we use an Earth-centered inertial system
as the standard coordinate system. For brevity we refer to
this coordinate system as “global”, distinguishing it from the
local frames that are established at the GS and the SC. Co-
ordinates of events in these frames are distinguished by su-
perscripts, such as tGS and tSC. The subscripts refer to the
location of a particular event: 1 and 3 occur at the GS, event
2 at the SC (see Fig. 1). Frequencies ωij and unit vectors nˆij
carry double subscripts indicating the locations of emission
(i) and detection (j) events. Detailed relationships between
the quantities, and relevant background about post-Newtonian
propagation of light and interferometry are given in the SM,
which provides a summary of the treatment of light propa-
gation in the PPN formalism (Sec. A), phase calculation in
gravitational field (Sec. B), and the detailed application to the
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FIG. 2: Euclidean vectors representing positions of the GS and the
SC at different stages of the experiment. Distances travelled by the
beam on the go-return trip are L and D, respectively. At the leading
(zeroth) order in , the round trip propagation time is 2T = 2L/c,
and the three vectors ~r11∗ , ~r13 and ~r33∗ are parallel as depicted. Note
that |~rij |  L. Mismatches in the arrival times of the pulses are
discussed in SM, Sec. F.
setup we consider (Secs. C, D and E).
Our precision target is achieving a bound of |α| .  for
light, with  :=
√
U ≈ 10−5 where U is the approximate po-
tential for near-Earth experiments [2]: U = GM⊕/(c2R⊕).
The parameter  sets the scaling order of PPN expansion
around Earth. At this level of precision, we can ignore the
effects of the gravitational field of other bodies in the Solar
System, approximate the spacetime around the Earth as static,
and consider only the leading (i.e. second order in ) post-
Newtonian effects [2, 25, 40]. Thus, the non-vanishing com-
ponents of the metric in the PPN approximation are
g00 = −1 + 2U gij = δij
(
1 + 2U
)
. (3)
The most effective way to carefully estimate the accrued
phases for the interfering beams in the scheme presented
above is to use the geometry of Fig. 2, which represents the
position of the GS and the SC at the different stages of the ex-
periment. The interfering beams must take different paths in
the passage through the two MZIs, one S path and one L path.
Hence, at the satellite we will obtain interference between the
beam that took the L path on Earth and the S one on the SC:
IA1 := (LGS,SSC) : 1 l−→ 1∗ → 2∗ , (4)
and the beam that passed the first time through the S path at
the GS and then took the L one at the SC:
IA2 := (SGS,LSC) : 1→ 2 l−→ 2∗ . (5)
Analogously, at the GS we will obtain interference between
the beams:
IB1 := (LGS,SGS) : 1 l−→ 1∗ → 2∗ → 3∗ , (6)
IB2 := (SGS,LGS) : 1→ 2→ 3 l−→ 3∗ , (7)
which are detected at the GS after being retroreflected by the
CCR mounted on the SC.
The Doppler-cancellation scheme is based on the fact that
the one-way GS→SC shifted frequencies, ω12 and ω1∗2∗ , con-
tain both the first-order Doppler and gravitational contribu-
tions, while the two-way GS→SC→GS ones, ω13 and ω1∗3∗ ,
are different from the sent frequency ω11 := ω0 only due to
the Doppler effect. This is because the gravitational contribu-
tion is cancelled out at the leading order in the two-way trip.
The signal from which a bound on α is obtained is a linear
combination of the two measured phase-shifts
ϕSC(t
SC
2∗ ) := Φ[IA2 ]− Φ[IA1 ] (8)
and
ϕGS(t
GS
3∗ ) := Φ[IB2 ]− Φ[IB1 ] (9)
where Φ[IX ] denotes the phase accrued along the paths
IX := (t1, ~x1)→ (t, ~x) (10)
of Eqs. (4)-(7). Φ[IX ] is evaluated in the geometric optics
approximation in the SM, which leads to
Φ[IX ] = −ω [(t− t1)−∆t(~x; ~x1)] + Φl , (11)
where the frequency ω = −k0 (denoting kµ the wave 4-
vector associated with the beam IX ) is constant along the
null geodesic, ∆t(~x; ~x1) is the photon travel (coordinate) time
along the geodesic, and Φl is the phase picked up passing
through the delay line l, evaluated in the local reference frame.
With such an approach, the phase ϕSC evaluates to
ϕSC(t
SC
2∗ ) = (ω12 − ω0)τl − ω0τls↑ + δω0tSC2∗ , (12)
where τl is the proper time of the delay line, ω0τls↑ :=
ω∗↑∆t1∗2∗ − ω↑∆t12 is the phase difference due to the dif-
ference in the coordinate propagation times ∆t12 and ∆t1∗2∗
with ω↑ and ω∗↑ denoting the conserved frequencies in the
global frame, and δω0 := ω1∗2∗ − ω12 is the leading term
in the frequency difference at the satellite between the two
beams IA2 and IA1 . All the quantities above are explicitly
derived in the SM.
From Eq. (12) we see that three components contribute to
ϕSC: the difference in phases accrued along the delay line,
the phase difference between the different paths taken by the
beams due to delay line, and a beat term due to a slight differ-
ence in frequencies as seen at the detector A, respectively.
Analogous considerations lead to the expression for the
phase-shift ϕGS detected at the GS:
ϕGS(t
GS
3∗ ) = (ω13−ω0)τl−ω0τl(2s↑−2s↓)+2δω0tGS3∗ , (13)
4where ω0τl(s↑ − 2s↓) := ω∗↓∆t2∗3∗ − ω↓∆t23 is the phase
differences accrued during the downward propagation, which
has to be added to the contribution −ω0τls↑ accrued during
the upward propagation.
Both ϕSC and ϕGS contain terms of the first order in  re-
sulting from the first-order Doppler effect. Such terms are
eliminated by manipulating the corresponding data sets from
the GS and SC in a manner similar to the time-delay inter-
ferometry techniques in Ref. [41]. The key feature allowing
for this is that the ratio of the first order terms in ϕSC and
ϕGS is exactly equal to two. Hence, adapting the techniques
that were used for the data processing in the Gravity Probe A
experiment [42], the signal
S := ϕSC(t
SC
2∗ )− 12ϕGS(tGS3∗ ) (14)
contains only second order terms and allows for the retrieval
of the gravitational red-shift contribution U2 − U1. The ex-
plicit form of the signal is:
S
ω0τl
= (1 + α)(U2 − U1)− 2 [nˆ12 · (~v1 − ~v2)]
2
c2
+
3
2
(~v1 − ~v2)2
c2
− [~v2 ·(~v2 − ~v1)]
c2
− 2L [nˆ12 ·~a1]
c2
, (15)
where α parametrizes the violation of LPI, L is the zeroth
order slant distance between the GS and the SC, ~a1 is the cen-
tripetal acceleration of the GS at 1, and the other vectors are
specified in Fig. 1.
Simulations.—We present the numerical estimation of the
signal in Eq. (15) by exploiting the orbits of satellites used
by the International Laser Ranging Service (ILRS) [43]. The
Satellite Laser Ranging (SLR) technique allows for a high ac-
curacy estimation of the distance of such satellites by mea-
suring the time-of-flight of laser pulses that are sent from
a GS on Earth, then retroreflected by the CCRs mounted
on the orbiting terminal, and finally collected by the same
GS. ILRS makes available the Consolidated Prediction For-
mat [44] files for SLR orbits, containing the geocentric (iner-
tial Earth-centered) position of the satellites at a given time.
ILRS offers a software routine [45] to estimate the motion of
the GS in the same frame. Hence, we can reproduce real pas-
sages of various SLR satellites as seen from an actual GS on
Earth and estimate the signal for such simulated orbits.
We specialized our simulations to two satellites in different
orbits: Ajisai (circular orbit) and Galileo 201 (eccentric or-
bit). The used GS is the Matera Laser Ranging Observatory
(MLRO) [46] of the Italian Space Agency, that was exploited
for various demonstrations of the feasibility of satellite quan-
tum communications [26, 27, 35, 47–49]. The upper panels of
Fig. 3 show the signal S/(ω0τl) from Eq. (15) as a function of
the time passage for the two satellites, while the bottom panel
are the signals estimated by supposing that such terminals are
equipped with an unbalanced interferometer providing a delay
line of l = 100 m (n = 1.46 implies τl ≈ 0.5 µs) and that the
initial wavelength is λ = 2pic/ω0 = 532 nm. This choice of
the parameters τl and ω0 brings the strength of the signal in
Eq. (15) into a measurable regime.
FIG. 3: Results obtained with Ajisai (left panels; inclination 50◦,
eccentricity 0.001, altitude 1,490 km) and Galileo 201 (right panels;
inclination 50◦, eccentricity 0.158, altitude ranging from 17,000 to
26,210 km) seen from the MLRO ground station. Upper panels show
the signals U2 − U1 and S/(ω0τl) from Eq. (15) (with α = 0) as
a function of the time passage. Bottom panels show the signal S
(in pi-unit) expected with a delay line l = 100 m and wavelength
λ = 532 nm.
Conclusions.—Our proposal allows for the cancellation of
the first-order Doppler effect in optical red-shift experiments.
However, this proposal still faces two important practical is-
sues. First, atmospheric turbulence is a limiting factor for
large-distance optical interferometry. However, the planned
temporal delay between the two pulses is four orders of mag-
nitude lower than the conventional millisecond threshold of
the turbulence correlation time [50]. As a result, both the in-
terfering beams suffer through the same random noise that is
canceled in measuring ϕSC and ϕGS. In fact, the same scale
difference was successfully exploited in [26]. Second, the two
delay lines cannot be perfectly identical. However, the relative
precision δl . , which for l = 100 m translates into the ab-
solute difference of less than 1 mm, is experimentally achiev-
able [51]. Its value can be retrieved by monitoring in real-
time the first order interference at the two MZIs with a laser
of long coherence time. In this case the signal S/(ω0τl) gets
a first-order constant offset δl, that can be reliably estimated
and eliminated by using SLR data. Moreover, the additional
variable term of the order δl can be eliminated similarly to
the second-order Doppler terms (see SM, Sec. F).
Concluding, in this work we proposed an optical scheme to
bound the violation of the EEP in the electromagnetic sector
of the Standard Model. In this scheme the first-order Doppler
effect is suppressed and the weak gravitational red-shift can
be measured. The need of new tests of physics and the re-
cent advancements in satellite optical technologies make this
proposal both attractive and feasible with current technologies
(see SM, Sec. G).
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7SUPPLEMENTARY MATERIAL
Discussion of light propagation and locally observed frequencies at the leading order of the post-Newtonian approximation
is given in Sec. A. Accumulation of interferometric phase in the relativistic framework is discussed in Sec. B. We describe the
details of the path difference and frequencies calculations in Sec. C, and provide the expressions for phase differences at the
two detection events, as well as analyze the the mismatch in the arrival times in Sec. D. The final expression for the signal is
obtained in Sec. E, and the effects of unequal imbalance between the interferometers are treated in Sec. F. Technical details of
the experimental setup, attesting the feasibility of our proposal, are discussed in Sec. G.
For simplicity we set c = 1 in Secs. A and B. Further, coordinates of an event are labeled by xµ = (t, ~x), where ~x stands for
three spacelike coordinates in any spacetime. A vector in a three-dimensional Euclidian space is denoted as ~a, and is equipped
with the usual Euclidian inner product ~x · ~y = x1y1 + x2y2 + x3y3. Hence, nˆ = ~n/~n ·~n is a unit Euclidean vector, and the
coordinate distance is r :=
√
~x·~x. 4-vectors are denoted in arial font, u, and their components with Greek superscripts, uµ. To
simplify the formulas we write expression like ω1∗2∗ as ω∗12.
A. Light propagation in the leading order PPN formalism
A detailed exposition of the PPN formalism and its application to light can be found in [2, 3]. The metric with including the
leading post-Newtonian terms (up to the second order in ) is given by
g00 = −1 + 2U, gij = δij
(
1 + 2U
)
, (S-1)
with U = GMr Q(r, θ) denoting the gravitational potential around the Earth including the quadrupole term [40]
Q(r, θ) := 1− 12J2
R2
r2
(3 cos2 θ − 1), (S-2)
where J2 = 1.083 × 10−3 is the normalized quadrupole moment and the higher terms are neglected. R is the Earth equatorial
radius. Given the established bounds on the PPN parameter γ [1] we set (1 + γ) = 2 in the PPN metric of Eq. (3).
The 4-velocity of a massive particle is
u =
dt
dτ
(1, ~v) =: υ(1, ~v), u2 = −1, (S-3)
where τ is the proper time and for a given ~v the constant υ is obtained from the normalization with the post-Newtonian metric
of Eq. (3), The wave 4-vector is given by
k =
dt
dσ
(
1,
d~r
dt
)
=: κ
(
1,~k
)
, k2 = 0, (S-4)
where σ is an affine parameter and we have defined the parameter κ, which is determined by the frequency measured by a
stationary observer in the given reference frame. The vector ~k may be expanded in the PPN parameter  as
~k = nˆ+ 2~k(2) + 
3~k(3) + . . . , (S-5)
where nˆ is a unit Euclidean vector giving the Newtonian light propagation. Here and in the expansions below we occasionally
use  as a formal parameter that tracks the orders of perturbation and is set to 1 in final expressions. For the frequency and phase
calculations at the second order of  it is enough to work with ~k = nˆ.
In a stationary metric the quantity k0 is conserved. Therefore the conserved frequency at any point along the trajectory of the
light beam, up to the second order in , is
ω = −k0 = κ
(
1− 22U). (S-6)
The frequency as seen in the proper frame of an observer that moves with the 4-velocity u = υu(1, ~v) is
ω(u) = −k · u = κυu(1− nˆ · ~v − 22U), (S-7)
where U is evaluated at the location of the observer.
8With introduction of
q := −k · u/κυu, (S-8)
a local frequency in any frame can be written as a product of three factors, ω(u) = κυuq. This decomposition conveniently
separates different parts of the four-vectors. For example, if the signal was sent from the location i then at j the local frequency
is determined by
qij = −ki(tj) · uj/κijυj (S-9)
and has a value ωij .
B. Interferometry: phase calculations, moving frames, and curved space
We now describe light wave propagation and the acquired phase using geometric optics. The scalar wave amplitude of a beam
of light is A(x)eiΦ(x), where the phase Φ satisfies the eikonal equation, which amounts to the Hamilton-Jacobi equation for
massless particles. As a consequence we will refer to fictitious photons traveling along the trajectories of the light beams. We
speak conventionally about the interference or detection at the spacetime point x = (t, ~x), while the origin of the beam(s) is at
x1 = (t1, ~x1), etc.
In a stationary spacetime for a beam approximated by a geodesic segment between x1 and x, the acquired phase is given by
Φ(x) = −ω[(t− t1)− S(~x; ~x1)] + Φ˜1 := −ω
(
t− S(~x; ~x1)
)
+ Φ1, (S-10)
where the “abbreviated action" S satisfies S(~x1; ~x1) = 0. On a curved stationary background (the timelike Killing vector is
tangent to the time coordinate t) the frequency ω is a conserved quantity −k0, and t is the coordinate time.
On each trajectory of a fictitious massless point particle (photon) the phase is constant. Light rays guide the propagation of
surfaces of constant phase, and the function S(~x, ~x1) can be expressed via the photon travel time along the geodesic as
S(~x; ~x1) = ∆t(~x; ~x1), (S-11)
i.e.
Φ(x) = −ω(t−∆t(~x; ~x1))+ Φ1. (S-12)
Introducing a local orthonormal basis ea, a = 0, . . . 3, so any vector is expressed as k = kaea, we can (locally) write the
phase as
Φ(x) = kaxa + Ψ1 = k
µxµ + Ψ1, (S-13)
where the last expression holds if the origin of the coordinate frame (∂/∂t, ∂/∂~x) coincides with the origin of the orthonormal
frame. If it is possible (e.g. for a single beam) to choose a frame where the coordinates are adjusted to x = 0, then
Ψ1 = Φ1 + ∆t(~x = 0; ~x1)ω. (S-14)
The frequency that is measured by an observer at rest in this frame is ωS = −ka=0. In a different Lorentz frame S ′ [that has
the same origin and is related by an arbitrary combination of boosts and rotations to the original orthonormal frame] the phase
is expressed as
Φ(x′) = k′ax′a + Ψ1, (S-15)
with the same accrued phase Ψ1.
If a pulse is reflected off a moving mirror, then by observing that
Φ(x2) = −ωt2 + Φ1 + ω∆t(~x2; ~x1) =: −ωt2 + Φ2, (S-16)
and writing the reflected wave four-vector as k˜ (in general ω 6= ω˜), we have for t > t2
Φ(x) = −ω˜(t−∆t(~x; ~x2))+ Φ1 + ω∆t(~x2; ~x1) = −ω˜(t−∆t(~x; ~x2))+ Φ2. (S-17)
9C. Frequencies and path differences
C.1 Relationship between trajectory parameters
We give a detailed derivation of the relationship between nˆ12 and nˆ23. Elementary geometry based on Fig. 2 gives
~r13 =: nˆ12L+ nˆ23D. (S-18)
Let us define the vector ~ν as
nˆ23 =: −nˆ12 + ~ν, nˆ12 · ~ν = 0, (S-19)
and the quantity Λ as
D =: L(1 + Λ). (S-20)
At zeroth order in , the time taken for the return trip of beam I1→2→3 is (L + D)/c = 2L/c = 2T , so Eq. (S-18) becomes
(we set ~βi := ~vi/c and di = nˆ12 · ~βi)
2~β1 = −nˆ12Λ + ~ν, (S-21)
resulting in the first order corrections
D = L(1− 2nˆ12 · ~β1), nˆ23 = −nˆ12(1 + 2nˆ12 · ~β1) + 2~β1, (S-22)
that is,
Λ = −2d1, ~ν = −2nˆ12d1 + 2~β1. (S-23)
Other relationships are obtained similarly. Parameters of the 1∗2∗ segment are given as
nˆ∗12 =: nˆ12 + µ~ν12, nˆ12 · ~ν12 = 0, (S-24)
where the above equations define the vector
~ν12 = n(~β2 − ~β1)− nnˆ12(d2 − d1) (S-25)
and µ := l/L, and
L∗ = L(1 + µ`). (S-26)
To leading order in µ they are
(L∗ − L) = τlnˆ12 · (~v2 − ~v1) = L · O(µ), |nˆ12 − nˆ∗12| = O(µ). (S-27)
The term of the order of µ2 carries with it a factor of the order 2, and therefore this term is small enough to be ignored at our
level of approximation and is undefined without taking into account the post-Newtonian correction to the orbit.
To find the relationship between the segments 23 and 2∗3∗ we note that the difference between ~β1 and ~β3 is of the order of
2. Indeed, the centripetal acceleration at the Earth’s surface is a = v2E/R cosϑ, where ϑ = pi/2 − θE denotes the latitude of
the ground station. The Earth’s acceleration is of the order v2E/R so we may use its values at either points 1 or 3. Hence for
nˆ∗23 = nˆ23 + µ~ν23, nˆ23 · ~ν23 = 0, D∗ = D(1 + µd) = L∗(1 + Λ∗), (S-28)
and
D∗ =: L(1 + Λ + µd) := L(1 + µ`+ Λ∗). (S-29)
we obtain
d = nnˆ23 ·(~β1 − ~β2) = n(d2 − d1) = `, (S-30)
and
~ν23 = −n(~β2 − ~β1)− nnˆ23[nˆ23 ·(~β1 − ~β2)] = −n(~β2 − ~β1) + nnˆ12(d2 − d1) = −~ν12 (S-31)
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C.2 Frequencies
The standard second-order expression for the frequencies detected at the satellite
ω12
ω0
=
(
1− U1 − 12β21
1− U2 − 12β22
)(
1− nˆ12 · ~β2
1− nˆ12 · ~β1
)
, (S-32)
and at the ground station after a go-return trip,
ω13
ω0
=
(
1− nˆ23 · ~β3
1− nˆ23 · ~β2
)(
1− nˆ12 · ~β2
1− nˆ12 · ~β1
)
. (S-33)
Assuming the light source is stable, the proper frequencies of the beam at GS is not changing. However,
ω∗12
ω0
=
(
1− U1 − 12β21
1− U∗2 − 12β∗22
)(
1− nˆ ∗12 · ~β ∗2
1− nˆ ∗12 · ~β ∗1
)
. (S-34)
The leading term in the difference ω∗12 − ω12 comes from the terms of the order  and is itself of the order µ2
δ1 :=
ω∗12 − ω12
ω0
= nˆ12 · (~β2 − ~β1)− nˆ∗12 · (~β ∗2 − ~β ∗1 ) = −µ~ν12 · (~β2 − ~β1)− nˆ12 · (~g2 − ~a1)τl/c. (S-35)
Using the value of ~ν12 from Eq. (S-25) we obtain
δ1 = −nµ
[
(~β2 − ~β1)2 − (d2 − d1)2
]− nˆ12 · (~g2 − ~a1)τl/c. (S-36)
Next, we assume that the experiment is performed during the ballistic part of the trajectory, so ~a2 = ~g2, where g2/c2 ∼ U2/L
is the free fall acceleration. Since a ∼ v2/L the relative difference in frequencies is of the order µ2 ∼ 2τl/L. For ω0 ∼
500 THz and µ ∼ 10−4 − 10−5 it gives the beat frequency at the order of 1− 30Hz.
The frequency of the beam arriving at GS at 3∗ from the satellite at 2∗ is
ω∗13
ω0
=
(
1− nˆ∗23 · ~β ∗3
1− nˆ∗23 · ~β ∗2
)(
1− nˆ∗12 · ~β ∗2
1− nˆ∗12 · ~β ∗1
)
(S-37)
resulting in the difference
ω∗13 − ω13
ω0
= nˆ12 · (~β2 − ~β1)− nˆ∗12 · (~β ∗2 − ~β ∗1 ) + nˆ23 · (~β3 − ~β2)− nˆ∗23 · (~β ∗3 − ~β ∗2 ) = δ1 + δ2, (S-38)
where
δ2 := nˆ23 · (~β3 − ~β2)− nˆ∗23 · (~β ∗3 − ~β ∗2 ) = µ~ν12 · (~β3 − ~β2)− nˆ23 · (~a3 − ~g2)τl/c. (S-39)
Since the difference between ~v3 and ~v1 is of the order of 2, ~v1 and ~a1 can be used in the above formula. Therefore
δ2 = µ~ν12 · (~β1 − ~β2) + nˆ12 ·(~a1 − ~g2)τl/c = −
[
(~β2 − ~β1)2 − (d2 − d1)2
]
τl/T − nˆ12 · (~g2 − ~a1)τl/c = δ1 (S-40)
where T := L/c. Given Eq. (S-40), we set δ := δ1 = δ2 for what follows.
The upward propagating beams are described by the wave vectors
k1(t1) = κ11
(
1, nˆ12), k
∗
1(t
∗
1) = κ
∗
11
(
1, nˆ∗12), (S-41)
and so the conserved frequencies are ω↑ := (k1)0 = κ11(1 − 2U1) and ω∗↑ = κ∗11(1 − 2U1), respectively. Similarly, the two
conserved frequencies of the downward propagation are ω↓ = κ22(1 − 2U2) and ω∗↓ = κ∗22(1 − 2U2) (the difference between
U2 and U∗2 is of the order µ
3). These frequencies are
ω↑
ω0
= 1 + d1 +
(− U1 + d21 − 12β21), (S-42)
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and
ω∗↑ = ω↑ + ω0(µ~ν12 · ~β1 + nˆ12 · ~a1τl/c). (S-43)
Equations (S-42) and (S-43) imply
ω∗↑ − ω↑ = ω0τl
(
~β1 ·(~β2 − ~β1)− d1(d2 − d1)
T
+
nˆ12 ·~a1
c
)
. (S-44)
Upon reflection κ22 = ω12/(q22υ2). Accordingly,
ω↓
ω0
=
κ11
ω0
− 2~β2 · nˆ12 − 2U1 + 2(nˆ12 · ~β2)2 − 2(nˆ12 · ~β1)(~β2 · nˆ12) + ~β2 · ~ν, (S-45)
and
ω∗↓ = ω
∗
↑ − 2ω0(µ~β2 · ~ν12 + nˆ12 · ~a2τl/c). (S-46)
C.3 Propagation times
At zeroth order in  the upward and downward propagation times coincide, T = L/c. The second order expressions (that
include the Shapiro time delay) are
∆t12 =: T + τup, ∆t23 =: D/c+ τdown (S-47)
for the upward and downward propagation, respectively. Here we used the approximation Q = 1 (uniform spherical Earth),
which does not cause a loss in precision as the τup/down corrections cancel out below and their explicit form is not necessary.
Indeed,
∆t∗12 =
L∗
c
+ τup, ∆t
∗
23 =
D∗
c
+ τdown, (S-48)
where the dropped terms are of the order of µ3.
D. Phases differences
Even under the ideal conditions the two pulses that are separated at the moment t1 and follow the delay line and the free space
travel in different order will arrive to the detectors A and B at slightly different times. The mismatch that we evaluate below
should be much smaller then the coherence time of the pulses.
The pulses IA1 (blue line on Fig. 2, the delay loop on the ground is followed by the upward path to the satellite) and IB2 (red
line on Fig. 2, the upward path to the satellite is followed by the delay there), that were produced at t1 arrive to the detector A at
t2∗ and tII, respectively. They accrue the phases
ΨA1 = ω11τl + ω
∗
↑∆t
∗
12, Ψ
A
2 = ω↑∆t12 + ω12τl, (S-49)
and hence at the respective moments of arrival the signal is given by
Φ[IA1 ] = −ω∗12tSC2∗ + ΨA1 , Φ[IA2 ] = −ω12tSCII + ΨA2 , (S-50)
respectively.
At leading order in  the mismatch between the arrival of pulses IA1 (at t
SC
2∗ ) to the satellite and completion of the loop by
beam IA2 onboard (at t
SC
II ) is due to the difference in their travel times,
∆T := tSC2∗ − tSCII =
L∗ − L
c
= τl(d2 − d1). (S-51)
This means that at the point ~x2∗ , the beam that left the ground station at tGS1∗ meets not the beam from which it was split at
tGS1 := t
GS
1∗ − τl, but the beam that left the ground station at tGS1− := tGS1 + ∆T . (The time intervals that correspond to the same
12
spatial location differ between the three frames we use by the expression of the order of 2, while due to the changes in the state
of the motion the correction terms themselves differ by the terms of the order 3 or higher).
Hence the correct beat term at the time tSC2∗ is then
ϕbeatsSC (t
SC
2∗ ) = (ω1∗2∗ − ω1−2∗)tSC2∗ , (S-52)
However, using Eq. (S-35) we see that indicates that the corrected frequency difference is
ω1∗2∗ − ω1−2∗ = ω1∗2∗ − ω12 − (ω1−2∗ − ω12) = δω0
(
1 +O()). (S-53)
Since we are interested in the phase differences up to the second order in  and the correction due to the time difference is of the
order O(δ) = O(3) we can approximate the phase-shift ϕSC(tSC2∗ ) as
ϕSC(t
SC
2∗ ) = Φ[IA2 ]− Φ[IA1 ] = (ω∗12 − ω12)tSC2∗ + (ω12 − ω11)τl + ω↑∆t12 − ω∗↑∆t∗12, (S-54)
obtaining Eq. (11) of the main text.
Similarly, at the detector B, where the pulses IB1 (blue line on Fig. 2) and IB2 (red line on on Fig. 2) that were produced at
t1 arrive at the moments tIII and t3∗ , respectively. Their phases at B are
Φ[IB1 ] = −ω∗13tGS3∗ + ω11τl + ω∗↑∆t∗12 + ω∗↓∆t∗23, Φ[IB2 ] = −ω13tGSIII + ω↑∆t12 + ω↓∆t23 + ω13τl, (S-55)
respectively. Hence with the relative precision  the difference in the arrival times,
tGS3∗ − tGSIII =
D∗ −D
c
+
L∗ − L
c
= 2τl(d2 − d1). (S-56)
Similarly, the signal ϕGS(tGS3∗ ) results from the phase difference between beam IB2 (loop on the ground, go-return trip to the
satellite) and beam IB1 (go-return trip to the satellite, loop on the ground). The phase acquired by the beams along both paths
are
ΨB1 = ω11τl + ω
∗
↑∆t
∗
12 + ω
∗
↓∆t
∗
23, Ψ
B
2 = ω↑∆t12 + ω↓∆t23 + ω13τl. (S-57)
Therefore the signal ϕGS(tGS3∗ ) is given by
ϕGS(t
GS
3∗ ) = Φ[IB2 ]− Φ[IB1 ] = (ω∗13 − ω13)tGS3∗ + (ω13 − ω11)τl + ω↑∆t12 − ω∗↑∆t∗12 + ω↓∆t23 − ω∗↓∆t∗23. (S-58)
For the signal ϕSC(tSC2∗ ), at second order in  we find
ω↑∆t12 − ω∗↑∆t∗12 = −ω0[τl(1 + d1)(d2 − d1) + (l~ν12 · ~β1/c+ nˆ12 · ~a1τlL/c2)] =: −ω0τls↑ (S-59)
where we used Eqs. (S-42) and (S-43) for the frequencies and Eq. (S-47) for the coordinate propagation time. Hence
s↑ = (1 + d1)(d2 − d1) + ~β1 ·(~β2 − ~β1)− d1(d2 − d1) + nˆ12 ·~a1L/c2 = (d2 − d1) + ~β1 ·(~β2 − ~β1) + nˆ12 ·~a1T/c. (S-60)
For the signal ϕGS(tGS3∗ ) we find the phase acquired during the upward propagation of the beams is the same as the above
expression, and for the return trip
ω↓∆t23 − ω∗↓∆t∗23 = −ω0τl(s↑ − 2s↓), (S-61)
where
s↓ = ~β2 ·(~β2 − ~β1) + nˆ12 ·~g2T/c. (S-62)
E. The signal
The useful information can be extracted from the signal
S := ϕSC(t
SC
2∗ )− 12ϕGS(tGS3∗ ) = Sbeats + Sloop + Sspace, (S-63)
where for the ease of the analysis we identified three contributions. All three are of the same order of magnitude.
13
E.1 Beat contribution
At our level of precision the difference of the two beat terms will have time dependence only through slowly-varying changes
in frequencies and accelerations, and therefore we can ignore the O(2) difference between the proper time on the satellite and
on the ground. The beats difference is given by
Sbeats := ϕ
beat
SC (t
SC
2∗ )− 12ϕbeatGS (tGS3∗ ) = δω0(tSC2∗ − tGS3∗ ) = −δω0T (S-64)
and substituting Eq. (S-40) gives
Sbeats = ω0τl
(
(~β2 − ~β1)2 − (d2 − d1)2 + Lnˆ12 ·(~g2 − ~a1)/c2
)
. (S-65)
E.2 Delay loop contribution
The phase difference due to the beams propagation through delay loops on the satellite and on the ground also contain only
terms of the second order in  or higher. Indeed,
Sloop := (ω12 − 12ω13 − 12ω0)τl =: ω0τl(s(1)loop + s(2)loop). (S-66)
The contribution
s
(1)
loop := − 12 nˆ12 · (~β2 − ~β1) + 12 nˆ23 · (~β3 − ~β2), (S-67)
is built from the first order quantities, but due to the first-order equality of
− nˆ23 · ~β3 = nˆ12 · ~β1 = d1, −nˆ23 · ~β2 = nˆ12 · ~β2 = d2, (S-68)
s
(1)
loop is of the second order in . Substituting the leading order expansion of nˆ23 = −nˆ12 + ~ν and ~v3 = ~v1 + 2L~a1/c we find
s
(1)
loop =
1
2
(
~ν · (~β1 − ~β2)− 2Lnˆ12 · ~a1/c2
)
. (S-69)
Using Eq. (S-23) for ~ν, the above equation reduces to
s
(1)
loop = −d21 + d1d2 + β21 − ~β1 ·~β2 − T nˆ12 · ~a1/c, (S-70)
The term S(2)loop is given by
s
(2)
loop = U2 − U1 + 12
(
(nˆ12 · ~β1)2 − (nˆ23 · ~β2)2 − β21 + β22
+ nˆ12 ·~β2 nˆ23 ·(~β2 − ~β3)− nˆ12 ·~β1(nˆ12 · ~β2 + nˆ23 · ~β2 − nˆ23 · ~β3) + nˆ23 ·~β2 nˆ23 ·~β3
)
. (S-71)
The above expression can be considerably simplified since we are interested only up to order 2 expression. Equation (S-71)
reduces to
s
(2)
loop = U2 − U1 + 12β22 − 12β21 + d1d2 − d22, (S-72)
finally giving
Sloop = ω0τl(U2 − U1 + 12 (~β1 − ~β2)2 − (d1 − d2)2 − T nˆ12 · ~a1/c). (S-73)
E.3 Propagation difference
The phase difference due to the difference in paths the beams propagate along is
Sspace = −ω0τl
(
s↑ − 12 (2s↑ − 2s↓)
)
= −ω0τls↓, (S-74)
and by using Eq. (S-62),
Sspace = −ω0τl
[
~β2 ·(~β2 − ~β1) + nˆ12 ·~g2T/c
]
(S-75)
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E.4 Final expression
From a phenomenological point of view, the possible violation of LPI is parametrized by
g00 = −1 + (1 + α)2U + . . . . (S-76)
For our proposal, putting Eqs. (S-65), (S-73) and (S-75) into (S-63), the final expression for the signal from which a bound on
α will be obtained is
S = ω0τl
[
U2 − U1 + 3
2
(~β1 − ~β2)2 − ~β2 ·(~β2 − ~β1)− 2(d1 − d2)2 − 2T nˆ12 ·~a1/c
]
, (S-77)
which, by taking into account Eq. (S-76), finally gives Eq. (15) of the main text.
F. Unequal delay times
It is impossible for the two delay lines to be perfectly identical. We define the relative difference in the proper propagation
times δl as
δl :=
τSCl − τGSl
τGSl
:=
∆τl
τGSl
, (S-78)
which can be made suitably small and in the following we assume that δl < . The delay time difference affects only the
signal ϕSC. In principle, it affects both the delay phase and the beat term, due to the additional contribution to the arrival time
mismatch. In this case the latter quantity becomes
∆T =
L∗ − L
c
+ τlδl = τl(d2 − d1 + δl), (S-79)
which at our level of precision still gives the beat term (ω∗12 − ω12)tSC2∗ . On the other hand, the delay line contribution provides
a constant phase offset and the additional term of the δl that results from the first order Doppler effect,
∆ϕSC = ω12τlδl = ω0
(
1 + (d1 − d2)
)
τlδl . (S-80)
Hence
∆S/(ω0τl) = δl + (d1 − d2)δl. (S-81)
G. More details on the experimental setup
In order to realize interferometers with strong imbalances (≈ 100 m) and to guarantee a good overlap of the interfering beams,
the use of single-mode fibers (SMFs) at the two terminals is necessary. The realization of a SMF-based balanced Mach-Zehnder
interferometer, with a length difference between the two 1-km long arms of about 1 mm, has been reported in [51]. However,
the free-space propagation through the turbulent atmosphere affects the quality of the beam wavefront, which has to be corrected
before being coupled to the SMF. A well studied solution to accomplish such a task usually involves the use of an adaptive
optics system like the one implemented in [39] and sketched in Fig. S1. The problem of correcting wavefront aberrations due
to turbulence affecting laser signals sent from orbiting satellites to ground stations has recently found applications also for
increasing the performance of satellite quantum communications (see M. T. Gruneisen et al., Modeling satellite-Earth quantum
channel downlinks with adaptive-optics coupling to single-mode fibers, Opt. Eng. 56, 126111 (2017)).
Fig. S1 shows the expansion of the closed-loop adaptive optics (AO) box introduced in the top panel of Fig. 1 of the main
text. The input (In) of the AO system is the aberrated beam wavefront collected by a telescope (sketched as a lens), while the
output (Out) is the corrected and collimated beam to be coupled to the SMF. The first element of the AO box is a lens whose
focal length is chosen in order to reduce and collimate the incoming beam. The light signal then reflected by a fast steering
mirror (FSM) and a deformable mirror (DM) before passing a beam splitter (BS). The transmitted path exits from the AO box
and provides the collimated and corrected beam to couple to the SMF, while the reflected path is collected by a camera (CAM)
and a wavefront sensor (WFS). The CAM could be a CCD camera or a position-sensitive-detector to measure the wandering of
the beam at the focal plane and thus the low-order tilt due to turbulence, while the WFS could be a Shack-Hartmann sensor or
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FIG. S1: Sketch of the AO system designed for the free-space to single-mode fiber coupling.
a self-referenced interferometer to estimate the higher-order aberrations. The two signals generated by the CAM and the WFS
drive the FSM and the DM in order to correct for low- and high-order aberrations of the wavefront.
The actual parameters of the devices of the AO box must be carefully chosen and they depend, for example, on the level of
expected turbulence, the dimensions of the beams, the optical power collected by the telescope and the velocity of the close-loop.
In our scheme the working parameters of the two AO systems, one at the satellite and the other at the ground station, will be
quite different, since the first has to correct the upgoing beam sent from the ground station to the satellite (about 50 dB of losses
in a realistic scenario), while the other must be optimized for the go and return two-way path (about 100 dB of losses). However,
since the experiment exploits “classical light” (a coherent laser beam prepared in two temporal modes), the required optical
power is not an actual limitation of our proposal given the current laser technology.
Indeed, the source used to generate the signal beam can be a commercially available single-mode fiber laser with 532 nm
of wavelength, 1 ns of pulse duration, a mean output power that can be high up to 100 W, operating at the repetition rate of
1 MHz (thus two subsequent emitted pulses are separated by 1 µs, which is grater than the temporal imbalance τl ≈ 0.5 µs due
to the delay line). This choice of the signal wavelength allows to use single-photon-avalanche-diode (SPAD) technology for the
detectors, which are currently available and guarantee high temporal accuracy in the determination of the arrival times of the
photons [49], thus limiting the background counts. Then, the possibility of use high-power laser guarantees to overcome the
high propagation losses and to have enough signal at both the terminals to measure the phase-shifts.
Furthermore, with a source of this kind, the AO system to be implemented at the satellite could directly exploit part of the
signal beam to work properly, since the CAM and the WFS are enough sensitive in the visible range. On the other hand, an
additional beacon laser at a wavelength close to the signal one, e.g. 488 nm, can be sent from the satellite to the ground station
and be used to drive the AO system to be implemented at the ground station. Indeed, such a beam can be spectrally separated
from the signal one by replacing the first BS with a 488/532 nm dichroic beam splitter (commercially available). Since the
optical payload of the satellite and the required electronics is comprised of commercially available devices, we can envisage that
our proposal is feasible within a decade and with no prohibitive costs.
